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ABSTRACT 

 
The relentless corrosion of carbon steel, especially within the harsh acidic conditions of many industries, presents 
significant economic and safety challenges. In response, this study explores a sustainable and effective solution by 
harnessing the power of green chemistry. We detail the synthesis of silver nanoparticles (AgNPs) using an extract from 
North Central Nigerian propolis, evaluating their performance as a corrosion inhibitor for carbon steel in a 1.0 M HCl 
solution. In this green approach, the propolis extract itself acts as both the reducing and stabilizing agent. The successful 
formation and characteristics of the resulting silver-propolis nanoparticles (Ag-PrNPs) were confirmed using a suite of 
analytical techniques, including UV-Visible Spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FTIR), X-
ray Diffraction (XRD), and advanced microscopy (SEM/EDX and STEM). To test their real-world effectiveness, we 
assessed corrosion inhibition through weight loss measurements at different temperatures and immersion times, as well 
as through electrochemical methods like potentiodynamic polarization (PDP) and electrochemical impedance 
spectroscopy (EIS). The results are highly promising: the Ag-PrNPs act as a powerful corrosion inhibitor, achieving an 
efficiency of over 96% in gravimetric tests. Our electrochemical data reveal that the inhibitor functions as a mixed-type 
inhibitor, suppressing both the anodic and cathodic reactions of corrosion. The formation of a protective film on the steel 
surface was confirmed by a significant increase in charge transfer resistance. We found that the inhibitor's adsorption 
onto the steel surface follows the Langmuir adsorption isotherm, and our thermodynamic analysis points to a 
spontaneous and exothermic adsorption process. This work successfully demonstrates a novel, eco-friendly, and highly 
effective strategy for mitigating steel corrosion using a readily available natural resource. 

Keywords: Green corrosion inhibitor, Silver nanoparticles, Propolis, Carbon steel, Acid corrosion, Electrochemical 
impedance spectroscopy, Potentiodynamic polarization, Langmuir isotherm, Thermodynamic parameters, Green synthesis. 

 

INTRODUCTION 
In our modern world, we rely heavily on carbon steel. As 

the backbone of countless industries—from construction 

and automotive to manufacturing and energy—it accounts 

for about 85% of all steel produced annually [1, 2]. Yet, for 

all its strengths and affordability, carbon steel has a 

fundamental weakness: it is highly prone to corrosion, a 

natural electrochemical process that causes it to degrade 

when exposed to the elements [3]. The economic toll of this 

degradation is staggering, with global costs soaring past 

$2.5 trillion each year. This figure represents more than 

just the price of replacing rusted parts; it includes the 

cascading costs of plant shutdowns, reduced operational 

efficiency, and the environmental impact of material failure 

[3]. 

The problem becomes particularly acute in acidic 

environments. Industrial processes like acid pickling, large-

scale cleaning, and oil well acidizing routinely expose carbon 

steel to highly corrosive acids that accelerate its decay [6]. 

For decades, the primary defense has been the use of 

corrosion inhibitors. However, the most common synthetic 

inhibitors, while effective, often come with a hidden cost: 

many are toxic, persist in the environment, and pose risks to 

ecosystems and human health. This has led to stricter 

regulations and a global search for safer, more sustainable 

alternatives [5]. 

This search has increasingly turned to "green" inhibitors—

solutions derived from natural, renewable sources. These 
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materials offer the compelling advantages of being 

biodegradable, non-toxic, and environmentally friendly. A 

wealth of research has already shown that extracts from 

various plants can act as potent corrosion inhibitors for 

steel [1, 7, 34, 36]. Their effectiveness lies in their complex 

mixture of phytochemicals, such as alkaloids, tannins, and 

flavonoids. These molecules are rich in heteroatoms (like 

N, O, and S) and π-electrons, which allow them to readily 

adsorb onto a metal surface and form a protective shield 

against corrosive agents [7]. 

Among these natural sources, propolis stands out as a 

particularly promising candidate. This resinous substance, 

created by honeybees from plant materials, is a complex 

cocktail of polyphenols, flavonoids, and essential oils [8]. 

While famous for its medicinal properties [9], the very 

molecular features that make it a powerful antioxidant also 

make it an excellent corrosion inhibitor [2, 28]. 

Now, by merging the potential of this natural inhibitor with 

the cutting edge of nanotechnology, we can unlock even 

greater performance. Nanomaterials, with their incredibly 

high surface-area-to-volume ratio, can dramatically boost 

the effectiveness of inhibitor formulations [12]. Silver 

nanoparticles (AgNPs) are especially interesting due to 

their inherent stability and well-known antimicrobial 

properties [11]. When combined with an organic inhibitor 

like propolis, they can create a synergistic nanocomposite 

film. The organic molecules form the initial adsorbed layer, 

while the nanoparticles can physically block microscopic 

pits and defects on the steel surface, creating a much more 

robust barrier [13, 15]. 

Excitingly, these nanoparticles can be synthesized using 

green methods that align perfectly with our sustainability 

goals. By using the propolis extract itself as the reducing 

and capping agent, we can create AgNPs without resorting 

to harsh chemicals or energy-intensive processes [10, 17, 

18, 19, 22, 23]. 

In this study, we present a comprehensive investigation 

into this promising approach. Our goal was to synthesize a 

novel silver-propolis nanocomposite (Ag-PrNPs) using 

propolis from North Central Nigeria and to rigorously test 

its ability to protect carbon steel in a highly corrosive 1.0 

M HCl solution. Through a combination of gravimetric 

analysis, advanced electrochemical techniques, and 

detailed surface characterization, we aimed to not only 

measure its effectiveness but also to understand the 

underlying mechanisms of inhibition and adsorption. 

MATERIALS AND METHODS 

2.1. Materials and Sample Preparation 

Our investigation utilized carbon steel (CS) sheets (0.12 cm 

thick) with a standard industrial composition. For weight 

loss studies, we cut the sheets into 3 cm × 2 cm coupons. 

For the electrochemical tests, we embedded steel rods in 

epoxy resin, leaving a consistent working surface area of 1 

cm². To ensure a uniform and reactive surface for each 

experiment, we meticulously prepared the steel samples by 

abrading them with a series of silicon carbide (SiC) papers 

(from 400 to 1200 grit). After polishing, the samples were 

rinsed with double-distilled water, degreased with acetone, 

and dried before being stored in a desiccator to prevent any 

premature oxidation [14]. The corrosive test environment, a 

1.0 M HCl solution, was prepared by diluting analytical grade 

hydrochloric acid. 

2.2. Preparation of the Propolis Extract 

To create our green inhibitor, we began by preparing an 

extract from locally sourced raw propolis from Benue State, 

North Central Nigeria. The raw material was first air-dried 

for two weeks and then ground into a fine powder. To 

remove any fatty components, a 100 g portion of the powder 

was first macerated in n-hexane for 72 hours. After filtering, 

the remaining solid material (the marc) was re-extracted 

with methanol for another 72 hours. This methanolic 

solution, containing the desired active compounds, was then 

concentrated using a rotary evaporator. The process yielded 

a viscous, dark-brown methanolic extract of propolis 

(NCNPE), which we stored in a cool, dark place until needed. 

2.3. Green Synthesis of Silver-Propolis Nanoparticles 

(Ag-PrNPs) 

The synthesis of our nanocomposite inhibitor was carried 

out using a straightforward green chemistry approach [18]. 

We first prepared a stock solution of the propolis extract in 

deionized water (1.0 g/100 mL). To this, we added an equal 

volume of 1.0 mM aqueous silver nitrate (AgNO₃). The 

mixture was then stirred continuously in the dark for 48 

hours. During this time, the biomolecules in the propolis 

extract acted as natural reducing agents, converting the 

silver ions (Ag⁺) into elemental silver (Ag⁰). The same 

molecules also served as capping agents, wrapping around 

the newly formed nanoparticles to prevent them from 

clumping together. The successful formation of AgNPs was 

signaled by a distinct color change in the solution to a stable 

yellowish-brown. The final nanoparticle suspension was 

then centrifuged to harvest the Ag-PrNPs pellets, which 

were washed and prepared for characterization and testing. 

2.4. Characterization of the Nanocomposite 

To understand the properties of our newly created Ag-

PrNPs, we employed a range of analytical techniques. 

● UV-Visible (UV-Vis) Spectroscopy: We used a 

JENWAY 6405 UV-Vis spectrophotometer to confirm the 

formation of AgNPs. By scanning the solution from 300 

to 700 nm, we looked for the tell-tale Surface Plasmon 

Resonance (SPR) peak that is characteristic of silver 

nanoparticles [21]. 

● Fourier Transform Infrared (FTIR) Spectroscopy: 

An Agilent Cary 630 FTIR spectrometer helped us 

identify which functional groups within the propolis 
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extract were responsible for reducing and stabilizing 

the nanoparticles. 

● X-ray Diffraction (XRD): To confirm the crystalline 

nature of the silver in our composite, we used a 

Thermo Scientific ARL'XTRA X-ray diffractometer. 

● Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray (EDX): A Phenom Pro SEM allowed 

us to visualize the surface morphology of the Ag-

PrNPs. Coupled with EDX, this technique also 

confirmed the elemental makeup of the composite, 

ensuring silver was present [24, 26]. 

● Scanning Transmission Electron Microscopy 

(STEM): For a more detailed, high-resolution view of 

the nanoparticles' size, shape, and distribution within 

the propolis matrix, we used a GeminiSEM-500-70-18 

STEM [25]. 

2.5. Corrosion Inhibition Studies 

● Gravimetric (Weight Loss) Method: This classic 

method involved immersing pre-weighed carbon steel 

coupons in the 1.0 M HCl solution, both with and 

without the Ag-PrNPs inhibitor at concentrations 

ranging from 200 to 1000 ppm. We ran two sets of 

experiments: one to study the effect of immersion time 

over 168 hours at room temperature, and another to 

study the effect of temperature (303 to 333 K) over a 

fixed 3-hour period. After immersion, the coupons 

were cleaned, dried, and reweighed to determine the 

amount of material lost to corrosion. From this data, 

we calculated the corrosion rate (CR) and inhibition 

efficiency (IE%) [19, 27]. 

● Electrochemical Measurements: For a more 

dynamic look at the inhibition process, we used a 

standard three-electrode electrochemical cell. 

○ Potentiodynamic Polarization (PDP): These 

tests allowed us to see how the inhibitor affected 

both the anodic and cathodic reactions of 

corrosion. By scanning the potential around the 

open circuit potential, we generated Tafel plots 

from which we could extract key corrosion 

parameters like corrosion current density (icorr) 

[30, 31, 38]. 

○ Electrochemical Impedance Spectroscopy 

(EIS): EIS is a powerful non-destructive technique 

that provides insight into the properties of the 

protective film. By applying a small AC signal over 

a wide frequency range, we could measure the 

impedance of the steel surface. The resulting data, 

presented as Nyquist and Bode plots, allowed us to 

determine parameters like the charge transfer 

resistance (Rct), which is a direct measure of the 

corrosion resistance [4, 32]. 

2.6. Surface Analysis 

To get a clear visual picture of the inhibitor's effectiveness, 

we used SEM to examine the surface of the carbon steel 

coupons after they had been immersed for 168 hours in the 

acid, both with and without the inhibitor. This allowed us to 

directly compare the protected surface to the severely 

corroded one [29]. 

RESULTS AND DISCUSSION 

3.1. Characterization of Synthesized Ag-PrNPs 

3.1.1. UV-Vis and FTIR Analysis 

The first clue that our green synthesis was successful came 

from a distinct color change in the reaction mixture, which 

shifted from a light yellow to a stable, rich yellowish-brown. 

This visual cue, attributed to the Surface Plasmon Resonance 

(SPR) effect in nanoparticles, was definitively confirmed by 

UV-Vis spectroscopy [17]. The analysis revealed a strong, 

broad absorption peak centered around 422-435 nm, a 

hallmark signature of spherically shaped silver 

nanoparticles, providing clear evidence of their formation 

[21, 22]. 
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Figure 1: Schematic representation of the green synthesis of silver-propolis nanoparticles (Ag-PrNPs). The 

process involves (A) preparing a methanolic extract from raw propolis, (B) mixing the extract with an aqueous 

silver nitrate solution, resulting in (C) a visual color change from light yellow to yellowish-brown, indicating the 

bioreduction of Ag⁺ ions. This is confirmed by (D) the characteristic Surface Plasmon Resonance (SPR) peak 

observed in the UV-Vis spectrum.

 

To understand which components of the propolis were 

doing the work, we turned to FTIR spectroscopy. The 

spectrum of the pure propolis extract showed a variety of 

functional groups characteristic of polyphenolic 

compounds like flavonoids: a broad O-H stretch (~3400 

cm⁻¹), a C=O stretch (~1700 cm⁻¹), and aromatic C=C 

stretches (1600-1450 cm⁻¹). When we analyzed the final 

Ag-PrNPs composite, we saw noticeable shifts and a 

decrease in the intensity of these O-H and C=O bands. This 

strongly suggests that these polyphenolic compounds were 

the key players, first acting as reducing agents to create the 

nanoparticles and then as capping agents, wrapping 

around the silver to provide stability [15]. 

3.1.2. XRD and STEM Analysis 

Having confirmed the creation of our nanocomposite, we 

next sought to understand its structure. XRD analysis 

revealed sharp Bragg reflection peaks corresponding to the 

(111), (200), and (220) planes of silver, a pattern that is the 

fingerprint of silver's face-centered cubic (fcc) crystalline 

structure. This confirmed that our green synthesis 

produced genuinely crystalline metallic silver. Using the 

Debye-Scherrer equation, we calculated the average 

crystallite size to be approximately 2.36 nm [22]. 

For a closer look, STEM analysis provided high-resolution 

images. These images showed that the nanoparticles were 

mostly spherical or oval and were distributed quite 

uniformly throughout the organic propolis matrix. This 

homogeneous distribution is a testament to the 

effectiveness of the propolis biomolecules as capping agents, 

successfully preventing the nanoparticles from clumping 

together into large, ineffective aggregates [24, 25]. 

3.1.3. SEM and EDX Analysis 

SEM images gave us a broader view of the composite's 

morphology, showing that the Ag-PrNPs formed roughly 

spherical agglomerates. To confirm the composition, we 

used EDX, which detected a strong signal for silver (Ag), 

alongside the expected signals for carbon (C) and oxygen (O) 

from the propolis biomolecules. This combination of visual 

and elemental data verified that we had successfully created 

a true silver-propolis nanocomposite material [26]. 

3.2. Corrosion Inhibition Studies 

3.2.1. Gravimetric Measurements: Effect of 

Concentration and Immersion Time 

Our weight loss experiments clearly demonstrated the 

protective power of the Ag-PrNPs. As we increased the 

concentration of the inhibitor, the inhibition efficiency 

(IE%) rose dramatically, as summarized in Table 1. After a 

full 168 hours of immersion, the efficiency reached an 

impressive 96.44% at a concentration of 1000 ppm. This 

trend suggests that a higher concentration allows more 

inhibitor molecules to adsorb onto the steel, leading to more 

complete surface coverage and a stronger, more effective 

protective barrier against the acid [7, 34]. 

Table 1: Inhibition Efficiency (IE%) from Gravimetric Measurements at Different Concentrations and Immersion 

Times.

 

Time (hrs) IE% at 200 

ppm 

IE% at 400 

ppm 

IE% at 600 

ppm 

IE% at 800 

ppm 

IE% at 1000 

ppm 

24 68.77 71.43 73.33 74.07 74.73 

48 70.74 72.97 75.67 78.01 78.59 

72 71.63 74.55 76.06 78.32 78.81 

96 78.33 81.76 83.71 84.32 85.09 

120 81.44 82.09 87.93 84.43 85.77 

144 87.83 87.97 89.44 89.67 91.17 

168 89.67 90.79 91.00 95.06 96.44 
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3.2.2. Gravimetric Measurements: Effect of 

Temperature 

When we investigated the effect of temperature, we found 

that the inhibitor's efficiency decreased as the temperature 

rose (Table 2). For instance, the high efficiency of over 91% 

seen at 303 K (30°C) for the 1000 ppm concentration 

dropped to around 60% at 333 K (60°C). This behavior 

suggests that the protective film may be partially held 

together by physical adsorption (physisorption), where the 

bonds are weaker and can be disrupted by increased 

thermal energy, causing some inhibitor molecules to desorb 

from the surface [31]. 

Table 2: Effect of Temperature on Inhibition Efficiency (IE%) from Gravimetric Measurements (3-hour 

immersion).

 

Temperatur

e (K) 

IE% at 200 

ppm 

IE% at 400 

ppm 

IE% at 600 

ppm 

IE% at 800 

ppm 

IE% at 1000 

ppm 

303 60.68 65.09 76.15 82.24 91.63 

313 58.66 58.93 61.57 63.21 67.67 

323 57.13 57.11 61.00 62.28 64.54 

333 54.87 56.56 57.25 59.78 60.47 

3.3. Electrochemical Studies 

3.3.1. Potentiodynamic Polarization (PDP) 

The PDP results provided deeper insight into how the 

inhibitor works. The Tafel plots showed that adding the Ag-

PrNPs suppressed the rate of both the anodic reaction (the 

dissolution of iron) and the cathodic reaction (the 

evolution of hydrogen gas). Key parameters extracted from 

these plots are shown in Table 3. Because the corrosion 

potential (Ecorr) did not shift significantly (less than 85 

mV), we can classify the Ag-PrNPs as a mixed-type 

inhibitor—it doesn't just block one pathway but rather 

interferes with the overall corrosion process by acting on 

both anodic and cathodic sites [6, 31, 38]. 

Table 3: Potentiodynamic Polarization Parameters for Carbon Steel in 1.0 M HCl.

 

Concentratio

n (ppm) 

Ecorr (mV vs 

SCE) 

icorr 

(µA/cm²) 

βa (mV/dec) βc (mV/dec) IE% 

Blank -475 1150 75 -118 - 

200 -482 483 79 -120 58.0 

400 -488 322 81 -122 72.0 

600 -495 196 84 -125 82.9 

800 -501 127 88 -128 88.9 

1000 -506 81 92 -130 92.9 
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3.3.2. Electrochemical Impedance Spectroscopy (EIS) 

EIS measurements offered a powerful way to characterize 

the protective film. The Nyquist plots for the uninhibited 

steel showed a small semicircle, indicating low resistance 

to corrosion. As we added the inhibitor, the diameter of this 

semicircle grew dramatically. This diameter represents the 

charge transfer resistance (Rct), and its substantial 

increase, detailed in Table 4, is direct evidence of the 

formation of a highly effective insulating barrier on the 

steel surface that slows down the corrosion process [4, 12]. 

The semicircles were not perfect, a common phenomenon 

known as frequency dispersion, which is due to the inherent 

roughness and inhomogeneity of the steel surface [26]. The 

corresponding decrease in the double-layer capacitance 

(Cdl) with increasing inhibitor concentration further 

supports this picture, as the adsorbed organic molecules 

displace water at the interface, thickening the electrical 

double layer [32]. 

Table 4: Electrochemical Impedance Spectroscopy (EIS) Parameters for Carbon Steel in 1.0 M HCl.

 

Concentration 

(ppm) 

Rct (Ω·cm²) n Cdl (µF/cm²) IE% 

Blank 11.6 0.88 934 - 

200 27.3 1.00 752 57.5 

400 33.7 0.89 269 65.6 

600 45.9 0.92 133 74.7 

800 59.1 0.86 102 80.4 

1000 86.0 0.87 70 86.5 

3.4. Adsorption Isotherm and Thermodynamic 

Parameters 

3.4.1. Adsorption Isotherm 

To model the interaction between our inhibitor and the 

steel, we tested several adsorption isotherm models. The 

data fit best with the Langmuir adsorption isotherm, which 

assumes that the inhibitor forms a single, uniform layer (a 

monolayer) on the steel surface. The strong linear fit (R² 

values close to 1), as shown in Table 5, supports this model, 

suggesting that the inhibitor molecules occupy specific 

active sites on the metal until the surface is covered [1, 37]. 

3.4.2. Thermodynamic Parameters 

By analyzing the effect of temperature on the corrosion 

rates, we calculated key thermodynamic parameters. We 

found that the activation energy (Ea) for corrosion was 

higher in the presence of the inhibitor, confirming that the 

adsorbed film acts as an energy barrier that makes corrosion 

more difficult to initiate. The calculated standard free energy 

of adsorption (ΔGads∘) was negative, indicating that the 

adsorption of the inhibitor onto the steel surface is a 

spontaneous process. The magnitude of this value suggests 

a comprehensive adsorption mechanism that involves a 

combination of both physical forces (physisorption) and the 

formation of chemical bonds (chemisorption) between the 

inhibitor molecules and the iron atoms of the steel [35, 36]. 

The key thermodynamic and adsorption parameters are 

summarized in Table 5. 

Table 5: Thermodynamic and Langmuir Adsorption Parameters.

 

Paramete

r 

Blank 200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm 
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Ea 

(kJ/mol) 

14.68 33.31 36.07 39.66 46.30 54.00 

ΔH°ads 

(kJ/mol) 

-11.97 -30.61 -33.36 -36.95 -43.59 -51.29 

ΔS°ads 

(J/mol·K) 

-199.7 -161.9 -154.1 -143.8 -124.5 -101.9 

ΔG°ads 

(kJ/mol at 

303K) 

- -23.8 -25.1 -26.5 -28.1 -29.9 

Langmuir 

R² (at 

303K) 

- 0.991 0.993 0.995 0.992 0.991 

3.5. Surface Morphology Analysis 

A picture is worth a thousand words, and the SEM images 

of the steel coupons after the experiment provided striking 

visual proof of the inhibitor's effectiveness. The coupon 

exposed to the acid without any protection was a landscape 

of destruction—rough, pitted, and severely corroded. In 

stark contrast, the coupon protected by our Ag-PrNPs 

inhibitor was remarkably smooth and almost entirely free 

of corrosion damage. This provides direct, visual 

confirmation of the formation of a stable and highly 

protective film [16, 29]. 

CONCLUSION 

In this comprehensive study, we have successfully 

developed a novel, eco-friendly corrosion inhibitor by 

synthesizing silver nanoparticles within a natural propolis 

matrix. Our findings clearly establish its exceptional 

performance in protecting carbon steel from aggressive 

acid attack. The key takeaways from our research are: 

1. We demonstrated a simple and effective one-pot green 

synthesis for creating a stable silver-propolis 

nanocomposite (Ag-PrNPs), confirmed through 

extensive material characterization. 

2. The Ag-PrNPs composite proved to be an outstanding 

corrosion inhibitor, achieving over 96% efficiency in 

weight loss tests and showing strong performance in 

electrochemical evaluations. 

3. Our electrochemical data revealed that the composite 

acts as a mixed-type inhibitor, forming a robust 

protective film that significantly impedes the 

corrosion process. 

4. The adsorption of the inhibitor onto the steel surface 

is a spontaneous process that follows the Langmuir 

isotherm, indicating the formation of a protective 

monolayer. 

5. The mechanism appears to be a comprehensive one, 

involving both physisorption and chemisorption, which 

creates a durable barrier against corrosion. 

Ultimately, this research highlights a powerful and 

sustainable strategy for corrosion protection. By combining 

the inherent inhibitory properties of a natural resource like 

propolis with the unique advantages of nanotechnology, we 

can create next-generation materials that are not only highly 

effective but also environmentally responsible. 
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